Ab initio electronic structure calculations using correlated wave functions have been performed to investigate the structure and energetics of TiH 2 in its low-lying electronic states. Several triplet states have been found to lie very close to each other in energy (within 5 kcal/mol) and nearly 1 eV below the lowest singlet state. The lowest quintet states appear to be considerably higher in energy. The ground state of TiH 2 is found to be bent 3 B 1 in C 2v symmetry, with the 3 A 1 state lying only 1 kcal/mol higher in energy. The lowest singlet state, 1 A 1 , is found to be slightly bent, but with a very flat potential energy surface. The Ti-H bond in all TiH 2 electronic states is predicted to be strongly polarized Ti + H − . The use of state-averaged multiconfigurational self-consistent field wave functions is essential to obtain a consistent picture of all electronic states of interest.
I. INTRODUCTION
TiH 2 is the prototypical divalent titanium compound, so it is important to accurately determine the structure and energetics of the low-lying manifold of electronic states for this species. This is particularly important in view of the important role of divalent titanium species as catalysts for such reactions as the hydrosilation reaction. 1 A few previous calculations have been performed on TiH 2 . The band structure of TiH 2 has been studied using the augmented-plane wave ͑APW͒ method. 2 There have, in addition, been three ab initio electronic structure calculations on TiH 2 . Demuynck and Schaefer 3 performed limited singles and doubles configuration interaction ͑CISD͒ calculations using a triple zeta ϩpolarization ͑TZP͒ basis set on the 3 A 1 state in C 2v symmetry. This state was predicted to be linear, albeit with a very flat bend potential. Tyrrell 2 based on a study of the reaction of molecular hydrogen with titanium in Kr and Ar matrices at 12 K. 6 These authors predicted TiH 2 to be bent. Since it appears that the most stable molecular and electronic structures of this important molecule have still not been clearly established, a detailed, definitive theoretical study on TiH 2 is needed to provide essential insights into the nature of this species. 7 In the present paper, we report the results of ab initio electronic structure calculations on the molecular and electronic structures in low-lying singlet and triplet spin states of TiH 2 using complete active space self-consistent field ͑CASSCF͒ wave functions augmented by multireference methods. Our primary concerns are to determine ͑1͒ the ground electronic state of TiH 2 , and ͑2͒ the molecular structure of TiH 2 ͑linear or bent structure͒. Therefore, the geometry and energy order are emphasized throughout this paper.
II. COMPUTATIONAL METHODS
All geometries of TiH 2 in this study were first optimized at the CASSCF level of theory, using the GAMESS program. 8 The CASSCF active space is summarized in Table I , where the notation (m/n) means m electrons and n orbitals are included in the active space. The C ϱ axis of the linear structure corresponds to the Z axis, while in the bent structure the Y axis is the C 2 axis and the X axis is perpendicular to the TiH 2 molecular plane. As seen from Table I , the 11 orbitals in the ͑6/11͒ active space are more than the full valence complement of Ti 4s, Ti 3d, and H 1s. Preliminary calculations suggested that the 4 p orbitals on Ti play an important role in determining the order of the low-lying triplet linear states, although the effect of these orbitals on the geometries is relatively small. For this reason, these Ti 4p orbitals are included in the active space.
Because several electronic states that may be in a small energy range are of interest here, state-averaged CASSCF ͑SA-CASSCF͒ wave functions [9] [10] [11] [12] [13] have been employed in this work to provide a consistent treatment of excited states and radiative transitions, and to prevent variational collapse ͑root flipping͒. These SA-CASSCF calculations have been performed using the MOLPRO program.
14 The active space used in the SA-CASSCF is the same ͑6/11͒ as discussed above for the CASSCF calculations. The stability of relative SA-CASSCF energies has been verified by adding additional, higher-lying, states to the set being averaged. This has a negligible effect on the relative energies of the lower states. Starting from the SA-CASSCF wave functions, final energies were estimated by performing multireference configuration interaction ͑MRCI͒ [15] [16] [17] [18] [19] calculations ͑again using MOLPRO͒ in order to account for the effects of dynamic correlation.
For all of the aforementioned calculations, a triple-zeta valence basis set has been used. For Ti, the Wachters original Gaussian basis set (14s,11p,6d) 20 contracted to [10s,8p,3d] with some modification 8, 21 was used, while a contracted Gaussian basis set (5s)/[3s] augmented with a set of p-type functions ͑␣ p ϭ1.0͒ was employed for H. In the GAMESS calculations, sets of 6d orbitals have been used, while 5d orbitals were used with MOLPRO. 
III. RESULTS AND DISCUSSION
A. Linear structures
Preliminary considerations
Before discussing the geometries and energies, we present schematic pictures of the orbitals involved in the active space:
There are five Ti 3d orbitals that are quite localized, but 5 g (3d z 2 ) has significant contributions from the H 1s orbitals. Such 1s orbital mixing is also seen in 6 g (4s) and 4 u (4p z ). On the other hand, the Ti 3d z 2 orbital makes only a small contribution to 4 g ͑Ti-H͒, and Ti 4p z contributes to 3 u ͑H---H*͒.
A preliminary estimate of the energy ordering and splittings was obtained with SA-CASSCF͑6/11͒ calculations on the seven lowest states in both the singlet and triplet manifolds, as well as five quintet states. In keeping with the previous theoretical studies, [3] [4] [5] we fixed the Ti-H bond length at 1.880 Å. The results are summarized in Table II , where it is seen that the triplet states are the most stable, while the quintet states are the least stable among the spin states. This is in contrast to the prediction that the heavier analogues, ZrH 2 22 and HfH 2 23 have singlet ground states. The singlet, triplet, and quintet manifolds are well separated in energy at the SA-CASSCF level of theory ͑e.g., the lowest singlet state is ϳ1 eV higher than the lowest triplet state͒. However, the four lowest triplet states all lie within a 4 kcal/mol range. The vertical quintet states of TiH 2 lie considerably higher in energy than the lower spin states, so the remainder of this work is focused on the lower energy singlet and triplet states.
The electronic configurations are also listed in 
Geometries and energies
The SA-CASSCF optimized geometries ͑obtained using a parabolic fit͒ are shown in Table III 
The notation (m/n) denotes m electrons and n orbitals in the active space. ⌽ g have very shallow minima around 160°, while the potential energies of the higher-lying states increase monotonically as the H-Ti-H angle decreases.
The SA-CASSCF results in Fig. 1 are for a fixed Ti-H bond length. The SA-CASSCF bent C 2v structures for both singlet and triplet states, starting from the results in Fig. 1 were obtained using three-point parabolic fits for the Ti-H bond length and H-Ti-H bond angle. The geometries and energies of these structures are collected in Table IV , respectively. The two predicted stretching frequencies are in excellent agreement with experiment, while the bending frequency is somewhat underestimated. This is not so surprising for a rather flat potential energy surface, where one expects large amplitude motions and significant contributions from anharmonic effects. The calculated H-Ti-H angles are in very good agreement with the estimated experimental angle of 145°Ϯ5°.
C. Mulliken populations and dipole moments
In Table VI Mulliken population analyses are collected for several electronic states of TiH 2 obtained from the MRCI/ /SA-CASSCF natural orbitals. A large amount of electron transfer ͑ϳ0.7e͒ is found to occur from Ti to the hydrogens in every state, indicating the Ti-H bond in TiH 2 is quite ionic ͑Ti ␦ϩ -H ␦Ϫ ͒. Also noteworthy is the significant reduction of Ti 4s population and the large Ti 4p population, compared to what one would expect from the formal s 2 d 2 electronic configuration of the ground state of the Ti atom. It is found that more than 0.5 electron resides in 4 p in each electronic state. This suggests that the electron transfer from Ti to H occurs mainly from the Ti 4s orbital.
In order to estimate the contribution of the Ti in-plane 3d orbital to the bent structures, the populations of the 4b 2 orbital for several bent structures were calculated. The calculated values of 0.113
, and 0.510
indicate that as the bond angle decreases, the population of the Ti 3d increases, as expected.
The calculated dipole moments are listed in 
IV. CONCLUDING REMARKS
Based on MRCI/SA-CASSCF calculations, the ground state of TiH 2 is predicted to be 3 B 1 with an H-Ti-H angle of about 140°. The second triplet state, 3 A 1 , is also predicted to be bent with an angle of about 150°. In view of the flatness of these potential energy surfaces, the predicted angles are likely to have larger than usual error bars, on the order of 10°o r more. The two lowest triplets, 3 B 1 and 3 A 1 are found to be very close in energy ͑within 1 kcal/mol͒, with 3 B 1 slightly lower. It is quite possible that the order of these two states may be reversed if one could perform a full configuration interaction calculation with larger basis sets. In the singlet manifold, the lowest state ͑ 1 A 1 ͒ lies 21 kcal/mol above the triplet ground state at the MRCI level of theory. This state also prefers a slightly bent structure ͑H-Ti-H angle Ϸ170°͒, but since the potential energy surface for bending is predicted to be quite flat, the error in the angle may again be quite large. Based on the results presented here, TiH 2 is expected to easily distort to bent C 2v or to antisymmetric C ϱv or C s structures very easily in its low-lying electronic states.
In molecules such as TiH 2 , in which multiconfigurationbased wave functions are critical, it is very important to design an underlying MCSCF active space that treats all electronic states in a consistent manner. For this reason, we consider the MRCI/SA-CASSCF wave functions and energies to be the most reliable of those used in the present work. The effect of the state averaging is relatively small for the geometries of TiH 2 , but it is found to be important for investigating the energetics of several electronic states that are very close to each other in energy.
More than 0.5 electron resides in the 4 p orbital in each electronic state of TiH 2 , suggesting a significant contribution of Ti 4p orbitals for this molecule.
ACKNOWLEDGMENTS
We would like to thank Dr. Michael Schmidt for valuable discussions and Professor Tsuneo Hirano at Ochanomizu University and Keisaku Ishii at the University of Tokyo for their helpful suggestions. This work was supported in part by a grant from the National Science Foundation ͑No. CHE-93173317͒. The calculations described in this work were performed on IBM RS 6000 computers generously provided by Iowa State University.
